I. INTRODUCTION
The saturated alluvium south of the proposed highlevel nuclear waste repository at Yucca Mountain, Nevada represents the final feature of the Lower Natural Barrier with characteristics and processes that can substantially reduce radionuclide migration before reaching the regulatory compliance boundary. The objective of this work is to demonstrate that radionuclide retardation in the saturated alluvium is likely to be significantly higher than is currently assumed in Yucca Mountain Project (YMP) models. [I] This work also involves the development of an improved reactive transport modeling approach that is compatible with YMP saturated zone transport process models. [I] Our experimental efforts have focused on the radionuclides of uranium and neptunium because of their high solubility, relatively weak sorption, and their high potential contributions to offsite dose in the Yucca Mountain models. The focus has also been on desorption measurements rather than sorption measurements, as we hypothesize that desorption rates likely control radionuclide fate and transport to a much greater degree than sorption rates.
We have developed a flow-through experimental desorption method that provides a nearly continuous measure of desorption rates over a long period of time.
[2] Almost all previous experiments conducted by the Yucca Mountain Project [3, 4] have focused on batch sorption measurements or very short-duration desorption measurements, which tend to significantly underestimate radionuclide sorption parameters because they do not interrogate the fraction of radionuclide mass that dcsorbs very slowly. Quantitative X-ray diffraction and other methods are being used to characterize the alluvium used in the experiments.
To support the interpretation of the experiments and to put the experimental results into a predictive context, we have developed a generalized sorption residence time distribution modeling approach to account for the drastically different desorption rates that have been experimentally observed. [5] This approach is consistent with a conceptual model that involves multiple sorption sites where rates of sorption onto the sites are similar but rates of desorption differ dramatically. The model so far has been able to account qualitatively for desorption behavior observed in the flow-through desorption experiments as well as some anomalous radionuclide transport results in column transport experiments that did not exhibit standard equilibrium or first-order reaction rate behavior. Through continued experimentation, we are developing a mechanistic basis for the model and validating the approach.
MATERIALS AND METHODS

1I.A. Water and Alluvium
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II. B. Long-term Desorption Experiments
Desorption rates were determined by long-term desorption of uranium and neptunium from the alluvium samples. First the alluvium was brought into contact with a tracer solution containing a single radionuclide of interest. The radionuclide was batch sorbed to the alluvium for one to fourteen days and the supernatant was decanted and either centrifuged or filtered to remove fine particles before being analyzed for radionuclide concentration to determine the partition coefficient (ratio of sorbed to nonsorbed radionuclide, or Kd value, mug). A partition coefficient implies a linear sorption isotherm, which should provide a good approximation of the sorption isotherm at the relatively low concentrations used in the experiments and the even lower concentrations that would likely occur in the saturated zone. Also, isotherm nonlinearity is expected to be a second-order effect compared to sorption heterogeneity due to variability in mineralogy and water chemistry in the alluvium. The radionuclide-bearing alluvium and tracer free groundwater were added to a small column and placed on a rocking shaker to maximize alluvium-solution contact. Tracer-free groundwater was eluted through the column and collected in fractions. The activity in the samples was measured by a Packard 2500TR liquid scintillation counter. The groundwater zone, sorption period, tracer solution concentration and liquid to solid ratio used for the experiments are listed in Table 11 .
Results of long-term desorption of uranium after fourteen days of sorption were analyzed using a mathematical model written in FORTRAN that utilizes multiple sorption sites with different first-order forward and reverse reaction rate constants. The adjustable parameters are sorption rate constant, desorption rate constant, number of different types of reaction sites, and maximum sorption capacity for each type of site. The model was used to fit the concentrations in samples collected from desorption columns as a function of time, allowing for flow rate changes and flow interruptions. Equations (1) and (2) below are used in the model to fit the experimental column desorption data as activity desorbing as a function of time. The experimental data were fit as closely as possible using one type of sorption site. Additional site types were added as necessary to. improve the fit, while balancing the amount of uranium on the alluvium after the sorption step and the cumulative amount of uranium desorbed from the alluvium.
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where, C = concentration out of column, CPMImL Cin = cone. in solution flowing into column, CPMImL Si = amount sorbed to site i, CPMIg Si,, = maximum sorption capacity of site i, CPMIg V = volume of solution in column, mL Q = flow rate through column, mL1hr M = mass of solid, g ki = sorption rate constant for site i, mLhr kri = desorption rate constant for site i, gfhr CPM = counts per minute. t = time, hr
RESULTS
To date, we have conducted 18 long-term uranium desorption experiments and 12 long-term neptunium desorption experiments (Table 11) . These experiments have been conducted with 3 different alluvium samples and 3 different waters collected from the alluvium south of Yucca Mountain. Each experiment has consisted of a 1-to 14-day sorption period (with sorption times being varied) foilowed by several months of desorption in the flow-through experimental apparatus. The experiments have consistently indicated that both uranium and neptunium initially desorb from the alluvium rather quickly, but their desorption rates eventually slow down and the ratio of sorption to desorption rates (i.e., effective Kd value) for the last 10-50% of the sorbed radionuclide is as much as two orders of magnitude higher than the initial ratio. Figure 2 shows the long-term desorption of uranium from the I9IMlA alluvium sample. For the Zone 1 groundwater (left plot) the long-term desorption results after one and three days of sorption show little difference; it is only after 14 days of sorption that there is a significant change in the amount of desorption. The Zone 4 groundwater (right plot) shows noticeable differences in the amount of desorption after one, three and fourteen days of desorption. Figure 3 shows thc longterm desorption of neptunium from the 191M 1 A alluvium sample. The long-term desorption results indicate that for both the Zone 1 groundwater (left plot) and the Zonc 4 groundwater (right plot) there is a significant difference in the amount of desorption after two, four and fourteen days of sorption. Figure 4 shows fits of uranium desorption data with a multiple sitelmultiple reaction rate model that is consistent with the generalized sorption residence time distribution modeling approach mentioned above. Thc model fit shown in Figure 4 yielded desorption ratc constant estimates that varied over nearly five orders of magnitude for the experiments with the 19D Zonc 1 (lower carbonate) groundwater (upper plot) and over 2 orders of magnitude for the experiments with the 19D Zone 4 (higher carbonate) groundwater (lower plot), with the rates decreasing over time. The jumps in the data and model curves in Figure 4 correspond to flow ratc changes in the desorption apparatus, including flow interruptions (both planned and unplanned) as indicated on the plots. The model fit for the experiment with 19D Zonc 1 groundwater (red line, upper plot) was obtained using a four-site desorption model with rate constants ranging from .07 g/hr (early) to .000001 d h r (late). Approximately 13% of the uranium initially in contact with the solid remained sorbed to the alluvium at the end of the long-term desorption. The model fit for the experiment with 19D Zone 4 groundwater (red line, lower plot) was obtained using a three-site desorption model with rate constants ranging from .04 g/hr (early) to .0001 g/hr (late). Approximately 6% of the uranium initially in contact with the solid remained sorbed to the alluvium at the end of the long-term desorption. The 191M 1A and 22SA paired column runs using the 19D Zone 1 water consistently result in a higher percentage of initial uranium sorption and a lower percentage of uranium desorbed as a function of time than the experiments utilizing the 19D Zone 4 water in all of the long-term desorption experiments conducted to date (Table Ill) . These results are most likely due to the formation of negatively-charged uranyl carbonate and ncptunyl carbonate complexes in solution, which should tcnd to decrease the tendency for the uranium and neptunium to sorb to the alluvium surfaces. In addition, the 22SA alluvium sample contains a higher weight percent of smectite (Table I) and results in greater partitioning of the radionuclide to the solid phase in the initial sorption, although not always the case after long term cicsorption (Table 111) . Kd values are ratios of activity per gram on the solid to activity per milliliter in solution at the end of the long-term desorption. 'Percent of radionuclide initially sorbed to solid phase remaining sorbed at the end of the long-term desorption experiment.
DISCUSSION AND CONCLUSIONS
The results shown in Figures 2, 3 and 4 indicate that there is a very wide range of desorption rates from the alluvium, undoubtedly the result of many different reaction sites in the heterogeneous material. The slower rates (i.e., stronger sorption sites) are not normally apparent from batch sorption experimental results or from short-duration batch desorption experiments. 
